Abstract-This paper describes a computer-controlled vehicle which is part of a nursing robot system currently under development at the Technion-Israel Institute for Technology. The platform of this vehicle can also be used for household robots. Design considerations, control algorithms, and the necessary sensory devices are discussed. The vehicle applies a motion control strategy which avoids slippage and minimizes position errors. Experimental results, performed on a prototype vehicle, are described as well.
I. INTRODUCTION
VEN THOUGH experts seem to disagree on the feasibility of the all-around household robot [1] , [2] , some mutants of this species are already about to invade the private home [3] . On one hand, there are personal robots, advanced toys for the hobbyist, which are already commercially available, but of little practical use in the household. On the other hand, there are highly specialized, sophisticated robots, which are used for security tasks [4] or, as is the case here, for performing services for the disabled.
The "nursing robot" system is designed to serve bedridden patients by performing simple services such as operating electrical appliances or bringing objects to the patient's bedside according to the patient's spoken request. The nursing robot, however, is not supposed to apply any medical treatment to the patient. The workplace of such a robot would be usually confined to one room, either in a hospital or in the patient's home. This defmition is important, since the constant presence of the patient as a supervisor for the robot's activities greatly facilitates the design of the robot in general and of the robot's mobile base in particular.
Most of the design considerations of the nursing robot are also applicable to household robots. Thus the mobile base will be discussed throughout this paper in general terms as a mobile platform for either nursing or household robots.
II. DESIGN [5] . It employs a dc motor-driven wheel, which is also rotated about the vertical axis with the help of a stepping motor. Two additional, independent wheels on the rear axle provide stability. Even though the drive wheel is supplied with an optical encoder for position feedback, it has been found impossible to ,achieve acceptable path repeatability with this drive configuration [6] .
The design frequency used for computer-controlled vehicles consists of two drive wheels, each with its own controlled dc motor or stepping motor [7] - [9] . One or two free-wheeling castors provide stability.
A similar design was chosen for the platform of the nursing robot, as shown in Fig. 1 . Two dc motors with built-in reduction gears and optical encoders drive two rubber wheels, constituting the front axle of the vehicle. In the rear, two free-wheeling castors provide for static stability. Castors have been said to cause slipping at direction changes [10] , but this is not necessarily so, as shown in the Appendix. Another point to consider is the distance between the two drive wheels which depends on the width of the platform. It is desirable to place the two drive wheels as far apart as possible, for the following reasons.
1) The static and dynamic stability of the vehicle are improved.
2) The influence of the encoder resolution on the orientational error of the vehicle is decreased. This may be seen by assuming that the vehicle is at rest. If one of the wheels is then turned an amount just within the encoder's resolution unit, and the other wheel remains at rest, then the vehicle would change its orientation by rotating about the fixed wheel and cause an error in the subsequent motion. The effect of this phenomenon is reduced by increasing the distance between the drive wheels. Several mechanically interconnected microswitches are positioned around the vehicle so that collisions may be avoided in time by bringing the vehicle to a stop before hitting an object.
The controller also enables manual steering of the vehicle, with a joystick, which is not shown in Fig. 2 . C. The Programming Language
The control algorithm has been implemented in FORTH on a low-cost personal computer. As opposed to the approach of either writing in assembler language, or using high-level language on a development system and downloading the object code to a task computer, using FORTH Subsequently, the following strategy is performed. 1) The vehicle first turns about its centerpoint through an angle 0 1, which is calculated by 0 1 = 0 -0s . 2) The vehicle then travels along a straight line through a distance d. As a result the centerpoint will be at (Xf, y9.
3) Finally, the vehicle turns about its centerpoint, through an angle 02, where 02 = Of-0.
For each of these steps a certain number, called the terminal pulse count (TPC), is calculated. The TPC represents the number of pulses that each motor has to produce in order to complete the command which can be either rotation or straight-line motion along a distance d. The TPC is always equal for both motors. However, during the platform rotation both motors rotate in opposite directions, but during straightline motion they rotate in the same direction.
Any movement between two given locations is performed in the sequence described above. The peculiarity of-this approach is that it actually uses only two distinct kinds of motion: either motion in a straight line, where both wheels run at the same angular speed in the same direction, or rotation about the centerpoint C, where both wheels run at the same angular speed but in opposite directions. This simplification offers numerous advantages.
1) Since in either case the only task of the controller is to maintain equal angular velocities (measured in pulses per time unit), a relatively simple control system may be utilized. This system will be discussed later. Mi from its reference-velocity R, and leaving the referencevelocity of the slower motor unaltered (this is indicated by the dashed line in Fig. 5 ). to unsymmetric load distribution), requires that different voltages be supplied continuously to the motors for a straightline motion. The P-type controller will supply different voltages only if a constant difference between the pulse counts of both motors is maintained. This is the case when the vehicle has traveled through a short arc, and has thus (undesiredly) changed orientation before resuming the straightline motion again ( Fig. 6(a) ).
In order to overcome this problem, an integration (1) action must be added into the controller. The PI-controller provides not only equal velocities, but also equal overall pulse count from the beginning of each motion. Therefore, this controller guarantees a zero steady-state orientation error of the platform for any constant continuous disturbance.
With the PI-controller, a continuous disturbance will only cause a temporary change in direction. After correction by the controller, the former direction will be resumed, leaving only a parallel distortion (e) of the actual path (Fig. 6(b) ). 
where Kc is the integration constant.
The platform controller is easily implemented and requires only minimal computational effort. Since part of the required calculations (i.e., d, P, 01, and O2) are performed before the nursing robot actually begins to move, th:ey may be performed' by the platform computer without affecting the sampling rate.
IV. EXPERIMENTAL RESULTS A prototype of the platform has been built and tested. Experiments with the prototype have shown that the parallel distortion, inherent in the kind of control employed, is very small, on the order of magnitude of 10 mm per 10 m straightline travel. Fig. 7 shows a typical path of the platform, carrying an asymmetrically distributed load (Note the different scales for the X-and Y-axis in Fig. 7) . terpoint, which will be explained later. As may be seen from the graph, any disturbance causes a temporary deviation from the original direction. This disturbance however, is corrected and the vehicle continues in the original direction. During the very last phase of the motion, the-vehicle is decelerated. Lowering the input voltage to the motors gradually emphasizes the influence of friction in the. bearings, which affects the control loop as-a ramp disturbance. This effect causes an orientational error, which is corrected automatically after the deceleration phase by an overshoot correction phase (typically only a few pulses long, thus not recognizable on the graph). The final error of the platform (due to controllerdependent effects, but not including position errors introduced by mechanical inaccuracies) in this experiment was less than 3 mm after traveling a distance of 4 mi.
Note that even though decelerated, the vehicle approaches the desired position with a certain velocity which causes an overshoot by a few millimeters. In order to correct this overshoot, each motor is independently moved until it reaches the previously calculated TPC which corresponds to the desired location. This action is performed without using the speed controller.
In another test, the vehicle was programmed to travel along a flgure eight path. The path actually followed was calculated in real-time and is shown in Fig. 8 . After returning to the original starting location, the vehicle's calculated position error was only 8-10 mm transversal and less than 10 rotational. Again, this error does not include mechanically caused inaccuracies. The real position error, including mechanical inaccuracies, was about 5-8 cm transveral and 10 rotational. These results compare favorably to the results of a similar experiment, described in [15] . However, the vehicle used in [15] was faster, heavier, and did not halt at the corners of the programmed path.
The odometric technique, which was employed to calculate the actual momentary location of the centerpoint is described in [8] and [15] . Constantly updating this information allows us to fmd the platform's final position, independent of the control algorithm.
By comparing the actually measured final position of the vehicle to either the final position achieved by the crosscoupled control or to the odometrically calculated final position, no significant difference of accuracy for determinating the actual final position could be found. This indicates that any inaccuracies in the final position are caused by controlindependent effects, some of which are listed below.
1) The most significant inaccuracy is caused by directional uncertainity due to the limited resolution of the en- coders. This problem may be partly solved by using encoders with very high resolution, but this would require higher sampling rates in order to maintain smooth control. Increasing the distance between drive wheels will also improve accuracy, since a single encoder pulse will have less influence on the platform's direction.
2) It is difficult to obtain rubber wheels with exactly the same diameter. V. SENSORS FOR ABSOLUTE POSITIONING As has been pointed out before, a wheel-driven vehicle cannot be expected to reach a given location with absolute reliability, because of wheel slip, errors introduced by crossing small obstacles on the floor, etc. Therefore, some sort of absolute position measurement (e.g., by means of navigation beacons) must be employed in order to determine the exact position. However, since these measurements require relatively long computation times, it has been suggested not to repeatedly perform absolute position measurements in order to control the motion [8] .
The relative position measurement, based on the odometric technique as mentioned before, is much faster and is performed during motion. The disadvantage of this technique is the accumulating error due to wheel slip. Therefore, it is suggested that both techniques be used: relative position measurement during motion, and absolute position measurement when the vehicle is at rest (waiting for new commands).
Presently, no sensor has been installed on the vehicle, but it is planned to employ an ultrasonic range-finder for absolute position measurement (such as in [9] ). If nonstationary furniture obstructs the walls of the room, one corner of the room would have to be cleared and declared as the "home" position of the vehicle. After performing a few tasks based solely on the relative position control, the robot would return "home" to update its absolute position. Obviously, this is not an absolutely reliable solution, applicable in the general case of the household robot. However, in the case of the nursing robot, where the patient can fulfill a supervisory function (considered a legitimate robotics approach [16] ), no absolute reliability is required. In case the robot "gets lost", the patient would steer the robot manually, with the help of the joystick, to the approximate home position.
An ultrasonic device is also advantageous in that it may fulfill the additional functions of collision avoidance and path planning [9] .
VI. CONCLUSIONS
A control strategy for mobile robots has been presented. Even though some aspects of this strategy apply only to human-supervised robots, the main control algorithm is generally applicable.
Experimental results show that the accuracy obtained by the control strategy has exceeded expectations as well as (in the case of the nursing robot application) requirements. These requirements are defined in relation to positioning errors due to unequal wheel diameters, encoder resolution, slip, and small obstacles overrun by the wheels.
The experiments proved our assumptions regarding the minor influence of the free-wheeling castors to be correct, as given in the Appendix. APPENDIX FORCE ANALYSIS OF THE FREE-WHEELING CASTOR For quasi-static equilibrium (Fig. 9) ,F, ==0Fr sinG -F cosO-Cx Thus in order to prevent slippage, the following inequality must be satisfied.
Nf> A/2+AY2 (16) N normal force on the drive wheels, f coefficient of friction.
It may be seen from (17) that in the ideal case of Fr = 0 and T = 0, no slippage will occur. This ideal case does not exist, of course. However, since N, Fr, and T depend strongly on the load distribution, (17) may be satisfied by positioning the load (normally the robot arm) close to the drive wheels (thus far from the free-wheeling castors). This will increase N and decrease Fr and T. It is also evident from (17) that b should be as large as possible, while h should be as small as possible. This design will be limited by static and dynamic stability considerations.
